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(54)Titie: 3-D MODEL MAKING 




(57) Abstract 

A method of and apparatus (1) for producing a 3-D model (35) by forming a contiguous plurality of parallel layers of modeling 
material comprising a) producing a plurality of bead producing drops of the modeling material for deposition at desired locations; b) 
controlling the locations and timing of deposition to produce vectors, in any and all directions required to produce an outer surface defining 
wall (42) of the layer with a desired surface finish; c) adjusting the distance of the location of drop production to the location of drop 
deposition in preparation for the fomiation of a subsequent layer, and repeating steps a), b). and c), as required to complete the model. 
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3-D MODEL MAKING 
This invention relates to methods for use in a 3-D 
model maker utilizing drop on demand jet, continuous 
stream jet and vector plotting technology, and to a 
5 model making apparatus for performing the methods. 
BapKgr9\XT^<^ Qt phg Inygpt^QB 

3-D model making at the present time is exemplified 
by the following patents: 

Householder, U.S Patent 4,247,508, discloses two 
10 substainces, one a fill material and the other a support 
material, deposited layer by layer to build an article. 
The two materials in each layer are not in contact with 
each other while the layer is being formed because 
Householder uses a grid to separate the two materials as 
15 they are being deposited. After the materials in each 
layer are deposited, the grid is moved to the next layer 
so that the two materials may fill the space left by the 
removed grid and thereafter solidify in contact with 
each other in the same layer. 
20 In Helinski, U.S. Patent 5,136,515, a three 

dimensional model is produced layer by layer by raster 
sccuming and simultaneously jetting droplets of at least 
two solidifiable materials, one material forming the 
article and a second material forming a support for the 
25 article. The second material is subsequently removed by 
heating, cutting, melting, chemical reacting, etc. to 
leave the desired article. 

Penn, U.S. Patent 5,260,009, discloses a system and 
process for making 3 -dimensional objects by dispensing 
30 layer upon layer of modelling material using an Inkjet 
which is turned on or off. according to a 2 -dimensional 
data map of each layer of the object. The 2-D data map 
is stored and relayed by a microprocessor and defines 
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l«ations on . „«tri. at which printing i. to occur in 

iTz:z'' " ""^ " 

pertinent, are replete with r.Zl\ ^ 

" problems which resuir sr, 

severe limitations with respect to th. ^^"^"^^ 

accuracy and quality of surflce f ^ '^^"^""^nal 

respect to these parameters ^e'Ju^ements with 

confine, with the a^iiit/" 'rutctr^h^rr' 
.^P.s specified hy todays re,uir«».ts ^ " 

SUBBBiv of rh. T,.„.^ri-n 

P«.=nt ^tion. by proaucing a 3-0 .t,"^ 
method eonprisea of the followin., .t«,. . ■? 
surface for supporting the 3-0 :^.rd"ing 

: 2:p":r.nrj"'""7 '''^^ ^ »-eiingirt.t:z' z 

drop at a time, upon demand from a drop on d«-nd Jet 
head onto the support surface. Moving the let I 
support surface relative to each 7ther r 1 

control of a control means, while ^-i^r.^- 

0f"td7 "''' ■ ""-rinc r 

" ? directions required to 

produce a layer of the model. After cc^pleUortf a 

layer of the „^.i, J ZZ^^ 
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surface relative to each other in a Z coordinate 
direction normal to the support surface under the 
control of the control mecins . Moving the jet head and 
support means relative to each other in the X, Y 
5 coordinate system under the control of the control means 
to form a next layer of the model on top of the 
previously formed layer. Repeating the above steps to 
sequentially produce the model layer upon layer, one 
layer at a time, until the model is completed. 
10 The present invention relates to a method of 

producing a 3-D model by forming a contiguous plurality 
of parallel layers of modeling material comprising the 
following steps. Producing a plurality of bead 
producing drops of the modeling material for deposition 
15 at desired locations to solidify into beads to form at 
least a portion of a said layer. Controlling the 
locations of deposition to produce vectors, defined by 
overlapping pluralities of the beads, in any and all 
directions required to produce, by vector plotting, at 
20 least a desired outer surface defining wall of said 
layer. Timing the production of said plurality of 
beads, at least, when producing said desired outer 
surface defining walls of said layer to overlap 
previously deposited beads to a desired extent and to 
25 meld with previously deposited beads to produce said 
vectors, thereby forming said desired outer surface 
defining walls with a desired surface finish. Adjusting 
the distance of the location of drop production to the 
location of drop deposition following formation of said 
30 layer in preparation for the formation of a subsequent 
said layer. Finally, repeating the above steps as 
required to conplete the model. 
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The invention also relatpc ^/^ ^ ^ 

the 3.» production. JLT e/rr^' 

eaong.t. bead forming continuous «rl o/ ' " 
--.li.. «.t.riaj to ™ela with , .r^Zy LZ lll 
elongat. bead(s) to. generate vectors o^ ^ 
material in any and all ai™^,< modeling 
a layer of t.e »tl1J vec^^r pttt"^'"" " 
Terming at least a desL: "u^r s^^f^. "V"" *« 
- the ^al, t.ere^ ^orn^n; Ti^ ^1^:0" 
defi^^ng .all with a desired surface finish 

model'^Tfrpr^Xr^ " ^ ^"^ 

^=-ing layar upon T.^. ^.^^ «^entiaUy 

modeling ™terial, one layer « ^'""^ °' 

-Wng ele^ents. . .Zl:''J.:Z:ZT2.:^. 

£or supporting the 3-D ^odel during producti™ T. 

on demand Jet means for ejecting disc^^^ad nr=^ ^ 

-rope Of ^iten modeling material one d^op atTt'iT 

upon demand to meld with r,™ ■ , 

thereby to plot "ctor. of '7^' "^'^''"^ ""^^^ 

t.e -.er.,\oun:r:e™t::v^":::7:: 

Of the system, relative to said surface .ilT" 
simultaneously along the at . 

- . . ^ least two axes of the x v 

Z axis coordinate system and m * ' 

yscem, and n) for controlling the 
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timing of the ejection of bead producing drops of molten 
modeling material by the jet means to overlap previously- 
deposited beads to a desired extent and to meld with 
previously deposited beads to generate vectors of 
5 modeling material, defined by the beads, in cuiy and all 
directions required to produce, layer by layer by vector 
plotting, at least a desired outer surface defining wall 
of the model with a desired surface quality. 

The present invention also relates to a 3-D model 
10 maker for producing a 3-D model by sequentially forming 
layer upon layer, by plotting vectors of modeling 
material, one layer at a time comprising the following 
elements- A support means defining a surface for 
supporting the 3-D model during production. A 
15 continuous stream jet means for ejecting an elongate 
bead producing continuous stream of molten modeling 
material to meld with previously deposited beads, 
thereby to plot vectors of modeling material defining 
the layers. Mounting meeuis mounting the jet means i) 
20 for simultaneous movement along at least two axes of an 
X, y, Z axis coordinate system relative to said surface 
to move the jet means along any desired vector direction 
while said jet means plots said vectors of modeling 
material on said surface and ii) for movement of the jet 
25 means, when desired, along all three of the X, Y, 2 axes 
of the system, relative to said surface. Control means 
i) for providing vector plotting control of movement of 
the mounting means to move the jet means simultaneously 
along the at least two axes of the X, Y, Z axis 
30 coordinate system, and ii) for controlling the 
volumetric rate of ejection of the bead producing stream 
of molten modeling material by the jet means to generate 
vectors of modeling material, defined by the beads, in 
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^ ^^11 directions required to produce, layer by 
^yer ty vector plotting, .t lea.t , portion of at least 
the outer surface defining walls of the oodel with a 
substantially continuous thictoess and thereby prole 
5 walls with a desired surface quality. 

Brief nf■s^1-^r.^<r„^ yh, ftfy^pj^ 
The invention will now be described in the 
following detailed description, by way of exasple. wit^ 
reference to the accompanying drawings, in whTch. 

a 3-D ^.J 1> perspective view of 

a 3 D model maker according to the invention, 

Pig. 2 is a diagrammatic illustration of a resonant 
^c. fill method for filling interior portio^ oTa 

vie„s"'°' ' *" '"•srammatic perspective ^ plan 

views, respectively, of an -egg-crate- lattice 

Structure ; j-^ttice 

Pigs. 5 through 7 illustrate various lattice 
reinforcements for use with hollow models- 

Hn "f: ! ' '"'3^»'~'"'= illustration of a powder 
tor quickly filling interior portion^ of a 

sinolfr' ' T " ^" ^"S-'-'tic Illustrations of a 

25 Of TLr' °" o" top 

" Of a hollow model; 

for " ^ ciiagrarnnatic illustration of a method 

for supporting inclined wall structures; 

T..J^l' " " * diagrammatic illustration of a 

30 sZZT ^'"^ ^'^^ - ^"-^-^ 

Pig. 13 is a diagrammatic illustration of how the 
tnethods Of Figs. 9 and lo mayhe used together; 
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Fig. 14 diagratnmatically illustrates a method of 
layer growth control in which the top layer is milled at 
preselected intervals; 

Fig. 15 diagrammatically illustrates a method of 
5 inproving surface finish by milling each layer; 

Figs. 16-18 diagrammatically illustrate a method of 
preventing burr formation and de* lamination of the model 
during milling by providing an outer support wall around 
the model: Fig. 16 shows the burrs formed without a 
10 support wall, Fig. 17 shows the burrs formed with a 
support wall, and Fig. 18 shows the final burr free 
model after removal of the support wall; 

Figs. 19 through 20 diagrammatically illustrate a 
model built by contour molding techniques; 
15 Fig. 22 is a diagrammatic plan view of a cross - 

sectional slice of. a transparent 3-D medical model; 

Fig. 23 is a diagrammatic illustration of a jet 
head and material supply system for emitting a constant 
stream of modeling material in liquid form; 
20 Fig. 24 is a cross section of a continuous bead of 

molten material deposited by the system of Pig. 20; 

Fig. 25 is a top view of a continuous stream and a 
continuous bead formed thereby; and 

Figs. 26 and 27 diagrammatically illustrate model 
25 makers with a plurality of jets for simultaneously 
building a plurality of models by moving the jets in 
parallel motion. 

Detailed Description of the invention 
The Model Maker Aoparatue 
30 Referring firstly to Figure 1, the 3-D Model Maker 

1 of the present invention comprises a frame 2 which 
supports a horizontal pair of spaced apart rails 3 
extending in an X-coordinate direction (axis) 4 of the 
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20 



25 



30 



Model Maker. The raiic, -i 

coordiMte direction . " ' 

5 .re supported .t the" ^ "--^In^" reils 

5 coordinate r,Us 3 to ^LTtLI TT' ' 

suae alon, the x-coorL«e rai "aT:?"? ^ " 

erection. Motion or t.e v-co r^L° rau:t""T 
X-coordlnate rails is achieved by ,^e us! »V " 
drive . (Shown displaced .ro., the aLa^«us 
» powered by a motor s which inci,,^ W"""" '°r clarity) 

« CO ascertain ae^tTe'r prsirir« Tr""^ 
coordinate rails relative to a niH, 
carrying . cubic model, alonj the x-cL^ " " 
control c, a syste, lo,ic Itr^lerT " ""^ 

...i^ at:: i:rh" : — s 

driven motor system 13 with or,^^ . 

cc^^^t descrlL above w^h ™ trrL^o/r" 

coordinate rail.. This system 13 i. »,„ « it- 

the sv.r^ i_ ■ y=tem 13 is also controlled by 

tne system logic controller 11 ^„ . 

determine the position ot ^ . • """'^-^ «>d 

Dlatfn™ P°aicion o£ the carriage relative to the 

Platform 10, but In this case In th. v . 

direction. 'f-=°ordinate . 

dats TisTr"'' " <^ »' "e 

.r:.erin— ^^^^^^ 

~»rlals are hereinafter deecribed in gra te ' detail 
to " ■» raised and lowered reratit. 

tc the carnage ij in the 2-coordin.te direction I^is7 

jack 16, the nut of which is attached to the 
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platform 10 to raise or lower the platform upon rotation 
of the screw by a belt drive 17 from the stepper motor 
15. The platform 10 is guided by bearings on guide 
posts 18 which extend in the 2- coordinate direction, 
5 The guide posts 18 are supported rigidly by the frame 2. 

The system logic controller 11 determines the 
position of the platform relative to the jets 60 in the 
Z-coordinate direction and the timing of ejection of the 
bead producing drops of material from the jets 60 using 
10 software instructions not unlike those utilized in 
vector plotters to control the motion of the vector 
plotter pens in the production of the drawing as will be 
well understood by those skilled in the art. 

The frame 2 supports a power supply 19 which 
15 provides the power for the various systems and motors of 
the model maker in accordance with their individual 
requirements and the coramcinds issued by the system logic 
controller 11. Adjacent one end of the X- coordinate 
rails 3 is a jet checking and cleaning station 20 which 
20 will be described in greater detail hereinafter. At 
that same end of the X- coordinate rails the frame 2 
supports heated supply reservoirs 21 which store MC, 
bulk MC and SC, as required, for supply to the jets 60, 
by way of feed reservoirs 22. A pressure pump 23 is 
25 supported by the frame 2 to pressurize the supply 
reservoirs 21 when the media carried therein is required 
to be transported to the feed reservoirs 22. 

The X- coordinate rails 3 also support a model 
shaving system 24 the use of which will be described in 
30 detail hereinafter. The model shaving system 24 
conprises a slab milling cutter 25 which is belt driven 
by a motor 26 and includes a housing 27 for connection 
to a vacuum line by way of an outlet 28 to facilitate 
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»^al Of Shavings produced by the «,del .having 

system 5 tor moving th. mtning ^utttr aiong the x 
5 «ord.na« rails , Ihe milling cutter 25 derine" ^ axL 

^tending in the v-coordinate direction and J . Teni;" 
« least as great as the dimension of the platform .711 
the Y- coordinate direction. 

It will be appreciated that a pluralitv ■ . 
" ^P. could readily .e accomodated " T singU 
carriage, .ith means for adjusting their spacing f 
required, associated with a cc™,on x. y and z I 
arrange^nt, shaving system, controller," prer su^ :; 
etc. m a Single model maker to ne,^,-.. 

» -eiing of a plurality rir':::e"' 'h^^::: 

described in greater detail. 'hereinafter 
It will be appreciated that while model maker i 
described with reference to Pig. , provides vector 

20 IT""' °' ^^'^ ^° -o-'^i-te direct!! 

20 and movement of the platform lo i„ the z ccllT 

~s may he provided hy'mo^l;!;/^^': 
^...d coordinate ^:-^.-rr^-^^^^^ 

Lrrr trr ■ r 

cr..«.tions for the . coordinatT direc" onTalisr^: 

It Will be appreciated that while the system 
controller has heen described in a manner su^^esUng^i: 
to he a single unit, a plurality of separate cZrol 
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units interacting as needed could together form the 
system logic controller. 

The MC and the SC are very different compounds. 
Their most important characteristic is that they both 
5 phase change at similar temperatures, but respond to 
coii5)letely different solvents . The solvent that is used 
to remove the SC has no effect on the MC and vice versa. 
This creates a very convenient handling environment, 
plus the solvents used are very common and 
10 environmentally safe. 

Other differences in the modeling materials are in 
their density and surface tension. Because of these 
differences the functional fluid level of each material 
is different. Basically the MC (sulfonamide based 
15 material) fluid level in the feed reservoir is about 25 
ram above the fluid level in the jet head reservoir. The 
fluid level in the SC (wax base material) feed reservoir 
is about 25 mm below the fluid level in the jet head 
reservoir. 

20 Modeling and Support Comnound 

Turning now to the media, the wall and fill 
material are, at the present time, preferred to be one 
and the same, namely .either. 

Formula 1 . Parts by weight 

25 a) Ketjenflex 9S 90 

b) Vitel 5833 10 

c) Ultranox 626 1 

fix: 

Formula 2 . Parts by weight 

30 a) Ketjenflex 9S 85 

b) Vitel 5833 10 

d) Iconol NP-lOO 5 

c) Ultranox 626 1 



b) 
c) 



10 d) 
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where : 

a) K.t3«>£l« ,s U 40/60 Blend ortho-Toluen. 
Sulfo„«.ide/par..Tolu«,e Sulfonamide .^nZl 
from JUcso Chemie - Chicago, IL "i«01e 
Vicel S833 i. Polyster res'in av.il.ble from Shell 
Chemical Company - Wtron, OH 

Ultronox 626 i. Phosphite a„tloxid«>t available 
^rom G.B. Specialty Chemicu. inc. - 

iconol HP-ioo is Sonylphenol Btho:cyl,te available 
from B«p Perfoxmance Cha^cals -Irsipp:::^':^' 

The Support media is preferably: 
15 a) CandeliUa wax Parts by weight 

Refined, light flakes 65 

b) CPH-380-N 

c) Ross Wax 100 

d) Eastotac - H 130 

H 100 

e) Irganox lOlO j 
where ; 

a) candelilla wax is low resin natural .ax available 
from Franic B. Ross Co., i„c. - Jersey City. NJ 

b) CPH-380.N is N.^-Hydroxyethyl StearaJde availie 
from The CP. Hall Company - Chicago, IL 

d, eastotac is K 130 or H 100 - Hydrocarbon resin 
available from Eastman Chemical Products, inc - 
Kmgsport, in » v.. 



20 
10 
5 
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e) Irganox 1010 is Hindered phenol antioxidant 
available from Ciba - Geigy Additives - Hawthorne, 
NY 

5 It is important that the above inaterials have the 

proper amount of self adhesion as well as adhesion 
between the build material euid support material . The 
adhesion property is very irrportant in minimizing 
problems of warpage and proper strength of the finished 
10 model. In addition the two materials must have the 
right properties for proper cutting during the cuts for 
Z dimension control. These properties are: 

1. Materials must be hard enough to cut with 
slab miller without blade contamination. 
15 2. Materials must have matched crystallization 

rates . 

3, Materials must have similar melting points 
and thermal coefficients of Bxpanslon, 

4. Materials must not be soluble in each other 
20 and further each must be capable of being 

dissolved in a solvent which the other 
material is insoluble and vice versa. 

Using the model maker 1 a three dimensional model 
25 is produced using a thermoset drop on demand ejector 
(jet 60) at a desired "^drop pitch" to produce a vector 
outline of the inside and outside surfaces of a given 
layer. Preferably, said vector outline is repeated one 
or more times by off setting subsequent vectors from 
30 desired outlines depending on part geometry and build 
strategy (solid model or shell model) . The amount of 
offset is referred to as *wall pitch*' . These parameters 
can be varied to produce a high cpiality surface 3-D 
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~d.l^ Bo«, ..11 pu^ ^ ^^^^^ 
.03 mm to about .18 mm which will resul^ 

5 pitch control is achieved via software I™, 

the controller li. „.aa to tail ^"or rtr*""' 
adaitional software control that ^ " " 

surface quality. " " 

" . tiTistrx" tc^nrti""^ """^"^ ^--^ « 

least the exterior ^ l^^^^ « 

using drop on deinand jet. with 5 "^^^^ 
bead Pitch is controll^i JUliTr"' 
Of bead producing drc^s o^ °' 
" to the velocity acceL!r ^" " 

Of the set, sL h rtlns hti^""'' 
const«.t Width and a -si^ "urftr^aUtra™^ 
2 coordinate model control ^- ^^^^"^^ ^"^^ fo"»ed- 
u=*r -Layer Growth 0 ™^'. " ''''""'^ 

" , =ioc..r crter:nii.r — ^ 

r— ac7--^— 

2, F l llanq TnfPrior ^ril^f . ^ ^^^^^^^ ^ 

^ The jet heads 60 preferably have a structure tha. 

« capable of operating under control at a^^^^! 
constant refire rate, for example, 6 ooo Z 
size hoaH «^ . o.uuu Ht2. The same 

to thi! " =°«««tently emitted from the jet up 

to this maximum constant refire rate Tf 

30 rate is increased to a tT^lT ^ ''^^"^ 
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the resonant refire rate, the jet emits several times 
the volume of MC the maximum control refire rate, e.g. 
2 times the number of beads that are approximately 2 
times as big, thereby building the model several times 
5 as fast. Thus, at the resonant refire rate, the model 
can be built up much faster than at the maximum control 
refire rate, although due to the increased size of the 
beads and a decrease in consistency in bead size of MC 
being deposited, there is a corresponding decrease in 
10 the surface quality of the model produced. 

Operating the jet head at a non- resonant refire 
rate, at which consistently sized beads W of MC are 
ejected from the jet, may be advantageously used to form 
exposed inner and outer walls 34 of the model having a 
15 desired surface finish. While interior portions 36 of 
the model, which will not be exposed in the completed 
model and therefore do not require a good surface 
finish, may advantageously be filled by operating the 
jet 60 resonantly to eject large beads I of MC from the 
20 jet 60, as illustrated in Fig. 2. This technique 
reduces build time by approximately 50 percent or more, 
while maintaining high surface quality by building outer 
surface defining walls via vector plotting at a 
controlled refire rate. 
25 As discussed above, when ejecting beads of MC from 

the jet head at the resonant frequency of the jet head, 
the beads I of MC ejected by the jet head may be twice 
as large as the beads W ejected at a non-resonant refire 
rate used for forming beads of iiniform size. Therefore, 
JO it can be appreciated that approximately only one layer 
of beads I fired at the resonant frequency is required 
for every two layers of beads W fired at the maximum 
controlled refire rate, as illustrated in Pig. 2. The 
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control non-resonant fr.9u.ncy. Therefor., it is 
desirable to mill along 3, " 

1 T" " " ' ^-^^ -'^^ 

I to provide constant layer growth. 

Tlie model may be built ueing two h.acls. On. h«d 

aTth?:r' """'^^^ ^uildin. Of t^w^lu 

10 fi» fre^ency and for sickly 

10 fxlUng in voids in the .nodel at resonance, and a^e""d 
^.ad for emitting support ^terial at the octroi 
tre^ency to fill in void, in the m=d.l or to su™I^ 
overh«,ging portions of the model. It ca^ UsT 2 
appreciated that rather than firing the fi "t .1 
IS r«on»ce, a third head with a largar orifice ma^ ^ 
u.«l to emit larger beads of modeling material ^ 
s^ort material and thereby fill i„ interiorA.c, 
9Uiday Without necessitating a r.so„«,t ref ire rate 
20 II " "^"S resonant operations 

Plotting t.ehni,3ues that ar. fastsr than vector 
Plotting, such as raster scanning and rZ.J.lZ 
scanning techni^es, to further saving on build ti« 

Fill Mar^T-ia] 

!5 »hil. void filling has been discussed using large 

b.ad. I Of MC ejected fr«a a resonating jet .0 L fr^ 
a d.dicated larger orifice jet, other filling ZslZ 
ar. =ont..^l.t«,. For sample, voids could be filie^T 
quick set foams ,..g. urethane) or other ,p.ick setting 

uV setting liquids etc.) 

m an additional method of filling voids at the 
completion Of every so many layers and pref erlly llTe 
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cutting, round beads or small particles at. ambient 
temperature maybe added to fill the void to the top of 
the last build layer. These particles can be of the 
build material (MC) or could be of any other compatible 
5 material. Rather than beads, a fine powder may be used 
to fill the void, as illustrated in Fig. 8. 

After filling, at least the upper surface of these 
particles are glued or welded together by jetting beads 
from either the build material jet or the support 
10 material jet. After cutting, the model building 
proceeds as before. 

Honev^Comb Quick Form and Pill 

When final surface quality of the model is not a 
critical factor, such as when producing a concept or 
15 prototype model 35, open skeletal prototype models, as 
illustrated in Figs. 3 and 4, may be built in order to 
test fit, form and/or function of the produced model. 
The entire skeletal prototype model 35 may be built 
using a common grid or lattice structure 36 without any 
20 enclosing perimeter walls. 

The lattice structure 36, as illustrated in top 
view in Fig. 4, is formed by two sets of orthogonal 
parallel walls 37 and 39 that intersect to form a 
plurality of vertical column-like elongate square spaces 
25 38 therebetween. The resulting model 35 consists of an 
egg carton structure or honeycomb lattice 36 structure 
with no enclosing outer or inner skin (except where a 
wall coincides with the outer extent of portions of the 
model) and no enclosing upper or lower surface close- 
30 offs, such that the spaces 38 are open on the external 
surfaces of the model, forming an open skeletal 
structure. It can be appreciated that any number of 
walls, intersecting at any desired angle (s) , may be used 
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to^ forn, Mny d«ired lattice structure, such as «, 
octasonax honeycomb structure, for exanple. 

A common lattice structurei ^« ^ 

5 support sections 40 with SC. l^sLl, 

«. illustrated in jhost in Fi= , '"f " 
lattice structure ,e tor boti th.^„^ """^ ' 

..e ^el 3. it is notTecrsa:^n Crthe" 
upper surfaces of the suDDo^^ • 

° - - «c on top o/ri.z— 

Tv,« « concepc or prototype model 35 

^ open structure of the «^.i increases surface Jea 
and allows for air flow in and out of the LI^i 
providing for ^ic and efficient cooli^ o^ 

slZZ'^^rr^'. °' =^ for^n/the s^^t 
sections, rae quick cooling of the mc and sc en^H 

01 tne need to form outer surface d«»f 

«Us closin. Off the ^el furttr^rrLfl^r 

re:r:.nr Lu:"- 

faster th.n """V""^* Plotting techniques that are 
faster than vector plotting, such as raster-liic^ 
scanning techniques, further saving on .uild t^iL 

jme above grid structure model build technique may 
be advantageously used to form a model 35 for Tse'n 
producing «near net shape- castings. -Near net shaoe' 
meaning a casting that only requires a min!^i 
ma^u.* ■ *«vi"Ai^es a minimal amount of 

»ach.nin3 or finishing to achieve the desired Tinal 
Shape and/or surface quality. ,^e head of a golf ciT 
tor exan^le, he produced via a near net 

casting process, because only a portion of th. castl^r 
- particular the is^act surface of the club, 
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a subsequent finishing step to achieve the desired 
surface quality. 

To produce a model 35 for near net shape casting, 
a skeletal model structure 35 is first fabricated out of 
5 MC using the above common grid, egg-shell lattice 
structure 35. The inner and outer skin of the model 35 
is then formed, if desired, by dipping, brushing, 
coating, or spraying the model 35 with a sealing wax or 
other suitable material. The sealing wax serves to 
10 seal, enclose and/or fill the open spaces 38 in the 
lattice structure 35 that are exposed on the outer 
surfaces of the model 35. 

The near net shape model 35 may then be used to 
form a wax mold for investment casting of a near net 
15 shaped casting, which is then machined by any 
conventional machining process to the desired final 
shape and/or surface finish using cast datum surfaces 
per conventional con5>uter numerical control or other 
machining process. Machining datum surfaces may be 
20 added to the data file to create datum surfaces on the 
near net shape model 35 to provide a convenient, 
accurate means for controlling subsequent machining and 
casting operations. 

The need for a subsequent finishing step may be 
25 eliminated by enclosing desired portions of the near net 
shape model, corresponding to the portions of the final 
product having a desired surface finish, the striking 
surface of a golf club, for exanple, with outer surface 
defining walls having a desired surface finish, via 
30 vector plotting as previously described. If multiple 
castings are desired, a plurality of wax molds may be 
formed out of the coated near net shape model 25. 
Moreover, a plurality of near net shape models 35 may 
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th««.lve, be forced as investment casting n,oids for 
u^^^ "^-«ing reains, i.e. urethan.s, or may be 
used to make a plurality of silicone rubber or oLr 

""""or inve=t«nt casting «,sin..rin3 resins 
* taver Bmwrh rnnj^n-i 

2 axis control is inportant in controlling part 
secmetry. „itb drop volua. and thicHneas varlati^ 
froo, machine to machine, presently, the only p^"i^ 
~thod ot controlling the z axi, is to mill the ^ " 

" i'auls^T'" = 

variations such as ac intersections, and wall thickness 
^riationa contribute to creating a varying tl 
thickness. Although this „y only amount toThJsa^tL 
or a millimeter per laver i^ 
^c -^^yer. It soon accumulates siaH 

^i! o1 

that the vertical growth is under as accurate 
dimensional control as the x and y axis 

20 "lUing the 'top layer at 

" selected intervals help, to relieve intraUaver 

adding to the warpage control problems that will be 
discussed later, muing these layers unbalances th! 
stresses so that the stresses remaining actually .otk 
oppositely and cause those layers to tend to warp in'Ie 
other direction. However, with the firm founda^on t^^ 
the layers are being built on these stresses do not 
««.probl»... TO maintain a precise 2.«is build, the 
r^l Shaving syst«n 24 is utilized after one or more 

lafr. °' "°<ta"»9 confound have been 

laid down. When the controller n senses a -cut 

co^and" the rails 5 and carriage 12 ass»*ly move to 

angage and -pick up- the shaving system via two 
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electromagnets 31 and translate the milling cutter 25 
across the model at software selectable cutting speed 
and feed, return the shaving system 24 to its home 
position, release the engagement and continue building 
5 the model. The milling cutter is coated with Poly-ond 
to facilitate release of shavings from the model for 
removal by sub- atmospheric pressure connected to output 
28. 

The stresses created in the walls of the model by 
10 the mill cutter during machining may cause the walls of 
the model to de-laminate, fray and/or chip. In order to 
minimize the stress created in the wall during 
machining, a coarse cut that removes most of the 
material to be removed during milling and removes any 
15 high spots, is followed by a fine cut that removes less 
than 0.01 ram (0.0004 inches) of material during a return 
pass of the cutter. The resulting stresses created in 
the model. during the coarse and fine cuts is less than 
the stresses created during a single heavy cut. 
20 Moreover, the burrs created during the fine cut are 
smaller than those created during a single heavy cut, as 
illustrated in Fig. 16, or during the coarse cut. Thus 
the fine cut removes the relatively larger burrs created 
during the coarse cut, resulting in an ±vaprove6 surface 
25 quality. The fine cut is preferably a climb cut to 
further minimize stress and burr formation and maximize 
surface quality. A climb cut is a milling cut in which 
the milling teeth descend onto the material to be 
removed. 

30 During milling, a vacuum provided at outlet 28 

evacuates the particles of MC and SC removed from the 
model by the mill cutter. The vacuum action further 
serves to cool the layer being cut, and to cool the 
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pass. The cooling effect on the cutter »n« 
relatively soft, low r^.Un, point .odel^" fill LI 
support materials to be cut in^o ^ • 

Warpage is the single most difficult nr«hi 
overcome in producing high accuracl '° 

— ^^^^^ 

""rials. r» ia .t a IZ"'' " "-'^ 

Phase =h«>ges. The pres«,t invention must deal ^i^ 
Of th.r<.Bi expansion that .11 solids have «,.„ ^ 

VTrLr ""^ ^ ^" ""^ 

a problem wxth warpage. »*way5 

a™ press'r.e'T^^d" r 

.esc^d conditions aLotintr^teri^. 

»i ""1"" -""rial in a ,^d 

<^d) at a ti». rn doing so, ^st ot the 4t.ri^ 

« the drop hit. the building surUce. Before the n^ 
liquid drop hits the surtace and has a ch«ce^ 
co^ietel, .lo. into the previous drop u Z"s to 
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Concrolling part geometry, material ten^erature, 
bead pitch, flight distance/time, wall pitch and 
building surface teTi5)erature together with layer milling 
can control the shrinkage to where it has minimum effect 
5 on the part to cause warpage. To achieve this, material 
temperature, flight distance/ time, and building surface 
temperature become standard machine settings, while dot 
pitch, wall pitch, and layer milling are operational 
variables. Controlling these variables allows maximum 
10 influence on warpage and dimensional control . 

Beyond all of these factors is still the problem of 
individual drop shrinkage. Therefore, a major 
objective, regardless of the approach, is to control 
drop shrinkage. There must be enough fluidity left in 
15 the drop to assure coherence to the previous build, but 
not enough to cause warpage. 

Cross Hatching Pattern Fill & WamaaP ronrrnl 
It is practically impossible to totally eliminate 
all shrinkage and warpage during building, but it is 
20 possible to control it within allowable tolerances. 
When warpage is still a problem, imaginative fill 
patterns begin to play an iir5)ortant role. Double 
crosshatching bi-axially reinforces the section of the 
model to help eliminate anisotropic shrinkage. 
25 Uniformity in fill patterns enhances dimensional and 
shrinkage control. With fill wall pitch it is important 
to obtain maximum reinforcement with the least amount of 
material to keep up with the perimeter build. In some 
cases it may be necessary to alter the perimeter 
30 conditions in order to match the fill pattern build 
rate . 

Typically, bead pitch is a settable parameter. In 
one shrinkage reduction technique, a drop is placed at 
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would noiTOlly be placed there is a soace i „ ! 
drpp i. Placed where «,e third beaTCon.s ZTs 
patten, i. repeated tor the ccpute layer 4en the 

Single drop pitch shift occurs. ^ j.^.^ 
repeated AS a result, the drop, ot this raited i^^ 

are placed in the spaces between tho «^ 

cc^ietih, this Shifted patterc:^'ie'tr::: la"^- 

This ™,y he repeated throughout the^oar! 
»ly .here warpage or di^nsLal Z^Tl Z.^'^Z 
to be a probl«n. The advantage is that each ^op w 
the opportunity to fully .hrin. without the i^^Cce « 
the other drops of that layer ite r.„„. "^■'"«'ce of 
the vast ..ority of the sh^grhalt^ai: oT^^r^:! 
and the object is effectively being built wiT^ 

r^o"""^"^- "^^-""^ "Mch re^uTt 

little or no effect on the layers. 

latticf s^mrnn ^rnirrm , rn, . .^^rmr r i 

Shell "^7"' " building Of son« hollow 

Shell ^.1. ,„ ^^^^ o 

These patterns allow building .„dels with less then loo* 
density. Basically they consist of walls of ^i" 
thiCcnesses and Pitches running either unidirectic^tr 
bi-directionally. Orientation of the pattern, .h^ ^ 
carefully considered to ensure Mnimun, warpage 

X , unidirectional patter... Zll 

additional w«:page come, as a result of polari^L 
stresses in one direction, m the.e cases, chLgi^g t"! 
su^ort pattern orientation ™y decrease the ^^.g. 
problem by re-distributing the stress... m any ^« 
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the unidirectional pattern chosen continues throughout 
the part. 

Bi-directional lattices consist of bi-directional 
walls in the same layer. This is particularly helpful 
5 with smaller aspect ratios that require the same 
reinforcement in all directions. In cases of larger 
aspect ratios there may be reasons to vary the pattern 
pitch from one direction to the other to further 
increase the control of warpage. 
10 Basically, the major reasons for lattice patterns 

are: 1. Density reduction. This has several direct 
benefits. First there is the obvious benefit of less 
material and therefore less expense. Second, there is 
reduced time required to build the model. With 40% less 
15 material a comparable solid model will taJce considerably 
more time to build . 2 . Warpage control . While warpage 
is a relatively minor problem, the fill pattern options 
further reduce it to the point where secondary solutions 
such as annealing and f ixturing should account for only 
20 single digit percentage of applications. 3. Reduction 
of strain of a wax pattern on the ceramic cavity during 
processing in an investment casting operation. 4. 
Model cooling is quicJcer. 

There are several factors to consider when 
25 determining the type of lattice pattern for a model. 1. 
What is the minimum amount of material required for the 
model? Sometimes the model may have to be solid. 2. 
What is the anticipated warpage? 3. What is the 
desired outside wall finish? This must be considered in 
30 those cases where the wall type selections cause 
accelerated build rates. These cases require matching 
the build rates of the exterior walls with those of the 
lattice walls. 4. Is the part going to be closed off? 
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Depending on the height of the nsr•^ 

the pattern pitch las to be ' 

The lattice structure of Hl^T 

rein.orci„. „aai. intercolcti^a'paTrc^r"-" 
outer walls Pic 5 ■! n ^ °^ opposite 

- . in .hic^th htrrtrnaV"''"™ °' "'^ ^ 
10 t.r«in.t. in .n inner wau T.^T ""'""i"' 
£or»d in each layer «ter tht """'^ 

that Xayer has ^ IZ^ ^'ITT"^ ""^ 
undesirahle stresses in the outer ™ii of "r''™"' 
surface discontinuity or .arpaa. I i " 
» or eliminated. AlteLti'^y 't^;";":' °" 
-y be filled with a lattice fiiT.r 

.ppro^ci^tely half of"the outer rnwdtt'^ ' 
Che lattice fill st^cture and the T^ter wall 

«U structure^r 'thrre'r ^"^"^ ^ 

=.xin::f=a; "to:e:"r.r iz----'- • 

reinforcing walls U3 s^cedT rihTlTt , 
2S unitary structure. pio 7 ilT„,^ * 
Closing the top of a soulr. ^ * 
illustrated in ngs. ' JTT\n°':\°^'' ''^ " 
the tower is to be closed /„ this * °' 
-<iel layers approach .^e closed ton 7'"*" 
'0 over the entire area of !h. ? 

s=«e Of these dr^H^ e'^Jr^d'entg^rheT" 
reinforcing walls and so.e of theirs" alt Jt"! 
reinforcing walls to for. heads atThe'ttrroT Z 
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tower as shown as 126. As the layers are formed 
progressively toward the closed top, the width of the 
walls increases as additional beads are formed thereon 
until the space between the reinforcing walls is closed 
5 as shown in Fig. 7. The solid top can then be 
coitpleted. The interior of the model may also be 
quickly filled with a particulate or powder material as 
illustrated in Pig. 8. 

Fig. 9 illustrates an alternative method of closing 
10 the top of a square tower model, such as illustrated in 
Figs. 3 and 5, with a single layer of modeling material. 
In this arrangement, when the model layers reach the 
desired closed top of the model, the last deposited 
layer is machined along plane 141 prior to closing of 
15 the top of the model. Beads 143, 145, and 147 of molten 
modeling material are ejected in a first jog pattern 
during a first pass and beads 144, 146 and 148 are 
depositing in a second jog pattern, offset from the 
first jog pattern, in a second pass, as illustrated in 
20 Fig. 9. The beads of molten modeling material 143-148 
flow down the sides of the walls and, due to capillary 
action, surface cohesion and surface tension, contact 
and meld with adjacent beads, closing off the top of the 
model with a single layer 151 of modeling material, as 
IS illustrated in Fig. 10. After deposition of the single, 
the layer 151 is machined along plane 151. 

Since no drops fall between the reinforcing wall, 
the modeling material is more efficiently used when 
closing the top of the model of with a single layer, 
0 than when closing the top of the model with a plurality 
of layers as previously described. it can be 
appreciated that the single layer close off will only 
work when the reinforcing wall pitch, i.e. spacing 
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between the reinforcing walls . , 

Resonmt firing of th. jet Head k 
larger drops of ^delin/^te^il; .TI ' " 
S «P Of a «del and tnere^ incVease t ^^i::::! °" 
P«ch capability- Of the single l.v.7l, 

10 for examni^ = . exceeds a critical angle 

tor example, approximately 30 degrees fr-o™ • 
the next deposited bead 44 is IT 

slide or roll off of tL 1 ^"PPorted, it win 

under its own Z:l;t:^^ -d 4. 

desired inclined wall structur! 42 ^ °' 

- inter layer build an.le A exceeds ,e c^ticar T 
support beads S, the size of , 7 """^^ ^9^^' 

deposited adjacent the Tr^ioLVde::^^^ 

beads 46. in particular se! f "^^^"^^^ "^^^ ^^^n^ 

as illustrated in pTg ^ ^^l/^^^^^ ^-^^ ^ and 49 

- next layer of beal:" 4 of r'^'°^ " 
angle . exceeds the critical anglT j Iur 
perfonned with a single layer f!n' ' 
than With the time saving double ayerlir' 
technique described above ^ ^""^^ 

5 The double layer resonant fin teeh«s«„ 

be used, however, to quickly f in ' ^ ^ 
the model where the x^ter^a^er L ™ " 
than the critical angle as dial. ^ " 

in Pig 12 Tn d^agrammatacally illustrated 

in Fig. 12. m Pig. 13 ^he build angles A' and 
located at levels 48 and 50 resn«o^ ? ' 
are equal to the critical algie °" 
wan 51 between lines 48 and ^ Is 0^ ""°' 
interlayer build angles that are le t L tt-^ritL"!^ 
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angle. Therefore, the portion of the model between 
lines 48 and 50 may be quickly filled using a desired 
quick fill method, for example, resonant fill, or 
continuous stream fill or spray fill with U.V. curable 
5 material, etc. as subsequently disclosed in detail. 
Whereas, the portions of the wall 51 below line 48 and 
above line 50 are formed with interlayer build angles 
that are greater than the critical angle, therefore 
these portions of wall 51 will collapse if not supported 
10 by support beads S. 

It will be appreciated that, depending on the 
geometry of the jet head, the beads fired at resonance 
may be N times as large as beads fired at the maximum 
control frequency. In which case, interior portions of 
15 the model will be. filled by depositing a single layer of 
beads formed at resonance, after depositing K layers of 
beads defining the outer surface defining walls at the 
maximum control frequency. 

External Surface Finish Control 
20 The jet head traverses in a computer controlled 

fashion to create 3 dimensional objects as earlier 
described, by repetitively applying layers of MC with 
varying or the same cross- section until the desired 
shape is obtained. In this manner, walls are 
25 constructed a droplet at a time at various spacings or 
bead pitch. 

As the jet dispenses the MC droplets they land on 
a substrate and form beads of a thicJcness about one half 
of their diameter after solidification. Depending upon 
30 the pitch, these drops can be deposited in an 
overlapping pattern. When new overlapping droplets hit 
the solid drops below, their momentum causes them to 
splatter slightly forward in the direction of printing. 
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The resulting formation is similar t« ^>, . u- 

disks overlapping each other Th. d^^. . 
be 73* or ^cre, with each ^.d rvlr^appV ° .r"'^ 
s one and ^Kiing beaL of T^. 

a roping or serpentine pattern can b. detlTti ^ 
wan When viewed fron, the side " 
be undesirable in sc^ Z.^ZliZ"' "^'^'^ 
" Significantly diminished or totaiiv !l 

add■i^•i«« ^* totally eliminated by the 

addition Of an immediately adjacent inner wall or JJ 
The actual number of walls win 

factors (such as vertical Jld rate) Vn ^d":' "'^^ 
^ retired finish, wall thicJeL^o: "il rch7 
IS be set to whatever is required "^^^ P«ch) can 

Yinrsra^j—the .rrd'^^^^^^^^ 

"> ^.uUding, reducing t^ rro/Mra^urrrr 
:r ^ pattern, .e net result is a 'ZIZ' Zrtl 

jrrerr^: ri"A„rsrr ^ ^^-^ 

S e«ect their ends have on tne ^n „an' "wi"' T™^ 
thickness exterior walls this n«ss related !i 
reduced, AS the exterior walHr^rr fh^:::"™,:: 

=«ect in thetu finis" 

so£twa"r" TZIZ'°" With lattices are deter^ned by 
sottware algorittas so that whenever tbere is „ 

intersection, the end of the latti^ , • • 

cne lattice line is pulled back 
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from the centerline of the wall by 50% of the lattice 
wall thickness. Since the lattice walls and exterior 
single walls are of the same construction, the result is 
a 50% merging of material at each intersection. When 
5 building with multiple thickness exterior walls, the 
lattices interact only with the inner most wall. 
Therefore, latticing will effect the outside finish of 
a single thickness exterior wall more than a multi- 
thickness exterior wall which masks the lattice effect 
10 on exterior finish. 

Milling Every Laver To Improve Surf ace Quality 
The serpentine pattern described above, is a result 
of the formation of the walls of the model by deposition 
of beads of molten MC. Fig, 14 diagrammatically 
15 illustrates a single layer wall formed of a plurality of 
layers of beads of MC. When a bead of molten MC lands 
on a previously deposited bead, a small portion of the 
molten MC in the newly deposited bead flows onto the 
previously deposited bead, melding the two beads 
20 together. The surface tension in the molten MC that 
flows onto the previously deposited bead, creates a 
smoothly curved meniscus like formation, which appears 
as a small dimple 50 .in the outer surface of the model. 
Since the beads of modeling material are relatively 
25 small, i.e. typically in the range of about 0.12 mm in 
diameter, the diitples are small and shallow enough that 
the surface quality is satisfactory for most purposes 
without any subsequent finishing steps. 

If a smoother surface quality is desired than is 
30 formed in the above described manner, the surface 
quality of the walls can be improved by milling each 
layer of beads (cut lines 52'), before depositing the 
next layer, as illustrated in Fig. is. Fig. 14 
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illustrates the standard method in which .^ . 
intervals, the last deposited layer is JAed 
machining line 52 in ord^r- ^ 

of the height of the beads. Renimrin, ,k . 
beads i„ a layer provides a widerTa 'f f 
layer of beads to land on. as a re^!t ^ . 
fox^ between the newl, depcsUe, f . " 
0 previously deposited and Jued ^^^"^10^: Z 
the dx^les for^d without ^chining, as illustrated " 

t luras— — ~ 
■ s^farftiri?^-;' - 

layer^however, as illustrated brlchi^trsri'T 
F»9. IS significantly increases the build ti™ 

Outllllinc, Slm^^r^ B.I, ..^ ' 

As discussed above machf^i-- ^ 
layers of the „^el durC^ldinc " ""^ 
layer gro«h and i^rlT'^2':7i^,T "Z"' 
^Chining layers of the model during UlT' , '^^ 
the cutte,- f=«.r«- w "*ing Duiicixng, however, 

-ring j^- ^;™^ 

o-«r surface defining walls of the n^ifl. Mor:over 

f3an«« "iiace o£ the model may have 

flaking, peaUng or frayed portions that have de 
lamxnated from the surface of the model. 
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In order to substantially eliminate burr formation 
and de- lamination of the outer surface defining walls of 
the model during mill cutting, an additional support 
wall 56 of support material, which is removed after 
5 completion of the model, may be deposited around the 
outline of the model as illustrated in Fig. 17. The 
outer support wall serves to support the outer surface 
defining walls of the model during machining, such that 
they do not de-laminate euid split under the stress 
10 during machining. Moreover, the burrs 54' formed by the 
mill cutter are substantially only formed on the outer 
surface of the support wall 56, rather than on the outer 
surface of the model. Thus, when the support wall 56 is 
removed, burrs 54' are removed along with the support 
15 wall 56, as illustrated in Pig. 18. The result is a 
greatly iir^sroved surface quality of the outer surface 
defining walls of the model. 

When support walls 56 as discussed above are used 
in building a model, the outlining surface defining 
20 walls of the model are first deposited. The interior 
space of the model is then filled by the desired fill 
method, which fill methods are discussed in detail 
above. The additional outlining support wall is only 
formed after shrinkage of the fill material, such that 
25 the support wall adheres to the outer surface defining 
walls of the model to support the outer surface defining 
of the wall during machining. 
Comer Structure 

A technique for forming outside and inside comers 
30 of the model's perimeter is very similar to the merging 
of material mentioned earlier when discussing the 
lattice walls intersecting with exterior walls. When 
turning comers with the jet, the MC material tends to 
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accumulate at the cDrTn»T- -pv.- 

par. to the f„/°rt \. ^' in 

' material finu i. ^ ■ 

Irrupted »M the new adjacent wan .1,/ . °^ 
«nsio„ Of the «uid to puU so^ ,7 '"^ 
= hcth wans into the come. ' of 

the intersection Of two waau «/ ^ " " 
-a centerXine of each wan °- 
■^rlap between the two walls and 
depoalted at the intersection T 
0 Without correction, ZTIZ 

^uiXd the comers up ^^icr^Ta" '"^""^^ 
along a straight wall. "«» 

This phenoronon can be conpensated fo,- • . 
"oppin, the end of the first wau a "n «Z I'^T'" 
awe, ,ro. the adjacent wall or Pulling bo^V.u.^:" 
25 percent of the wall thictaess. In either ! 
MC material flows into the space red^cina ' 
■Mterial in the comer a- .^"""^ of 
►w comer and dimnishing the eff.rh 

tte same time, a comer is formed with „ . V 
SO. Of a Single wall thictoess ^= 
Layer- 

As droplets are laid down on top of th« 

"tend, into the previous layer for onT " 
percentage of the layer thictoes. but Is TL'- 
accomplish several major things. "^'"^"t to 

First, reflow enhances the bond between th. „. 
layer «,d th. previous layer. Inter-Iaver co^ 
assures an integral part .h«. the modli is finite"" 

second, reflow relieves some of the srr.. 
previous layer caused by shrinTge ^1 
.ant through the same bTilding-te^bni:: T^lJiTZ 
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goes through. When a layer solidifies it does so from 
the bottom up, since the previous layer was already 
relatively cold. Because the top of the layer is not 
constrained and the bottom is, non-uniform shrinkage 
5 occurs, this difference in shrinkage causes stress in 
the layer. When the new layer is applied, the reflow 
zone tends to relax much of the stress. By giving up 
the majority of its heat directly into the previous 
layer a degree of annealing is achieved. This mini- 
10 annealing process is repeated layer after layer. 

Third, exterior part finish is improved by the 
reflow phenomenon. The minor melting of the 
cohesion/ref low zone also promotes a blending of layers 
at their union. This improves finish by virtue of 
15 reducing the depth of the junction at the merging of the 
droplet radii of the previous layer with the current 
layer in a fillet fashion. 

Up to four layers seem, in tests, to be noticeably 
in?)roved, as to surface finish and mechanical strength 
20 of the walls, by the ref lowing of the cohesion zone with 
the previous layers. 
Aj^g^l4ffg 

If, after all these steps have been carried out, 
there is still stress and warpage that needs to be 

25 removed, one option left is annealing. Generally, 
annealing is a last resort. Provided the part has 
remained securely moiinted to the moiinting plate, 
annealing is generally not required. However, when 
annealing is required one of following procedures should 

30 be followed. 

A decision must be made as to whether the annealing 
should be done before the part is removed from the 
mounting plate or after. This decision is based on the 
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geometry of the part and the ability of the part ^o • . 
Its ovn weight when heated. ^ v'lthstand 

After the decision that annealino 

5 an oven that has been heated to 80 deJee. "l, 

process r^tres very close monitoring ' "^'^ 

be held very unKonnly at an even t.^ 

-r circulating oven'ls recorendr^^rtrr'^'- " 
returns to the set ten^erature of .n 7 "^rature 
" exposed to the heat fo/a oerlL , "'^ 

"ill tajce to anneal. Generally TruTe " 
^a^es .0 ^nutes Mnl-. .agai^„ oTl'^^rth" 
10 minutes extra for each 1 „,„ of wall 

» prescrlhed ti™ has elapsed 1 "he J^?' 

completely annealed, the oven is tu^^ T " 
cool on its o« uninterrupted 4eTthe " 
reaches 30 degrees Celsius the o«t temperature 
However, the cool do«> rate sh^ldr e^ ee"" : 3 d'^"^' 

.0 Per^^^nute. " " does, there is a risTt/ ^in^Lr:: 

m:^"~^aiird t sr'::.;^!-" 

»»th (e.g. Of BIOACT. VSO a hiT^^ . " "°*"'°' 
= distillate manufactured hy PE^^or^* , ""f*^'" ^'"1'™ 
Tbe t^^rature is raised 'atTsiTjate .e T iT^ " 

a cold water or^r^— ^ Te^sr-"^ ^ 

in unusual situations there may be an.. . 
specxali.ed fixturing. when this isTalled f 
^i.elines as outlined above are used tl j^ ^^"^ 
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exception is that the fixture must be at room 
temperature when the part is mounted and more time must 
be allocated for the heat up and the cool down cycles. 
Thermal probes are also recommended for the fixture. 
5 Contour Molding Technique 

An alternative method for computer- controlled 
manufacture of 3-D objects with the present model maker 
is illustrated in Fig. 19. This method involves 
dispensing a low melting point support material 64, 
10 hereafter referred to as LMP, onto a platform at 
predetermined locations, which hardens to form a layer 
of a supporting contour mold 63 surrounding and defining 
the outline of the desired model pattern layer. A high 
melting point build material 62, hereafter HMP, is then 
15 dispensed, by jetting, spraying, continuous stream, 
etc., to fill the contour mold and complete the pattern 
layer. The uppermost surface of each completed layer is 
then milled, thus removing a portion of LMP and any 
stray HMP to expose the iinderlying LMP for deposition of 
20 the next LMP contour mold layer. These steps are 
repeated until the desired 3-D model 6, surrounded by a 
supporting contour mold 63, is completed. At this 
point, the model is heated in air or a solution that 
will not melt or dissolve the HMP 62, but will melt, or 
25 dissolve the contour mold 63 formed of LMP 64, leaving 
the 3-D model intact. The melting process is combined 
with a stress relief anneal that minimizes model 
distortion. 

The support structure 66 may be formed of HMP 62 
30 that is the same material as the HMP build material used 
to form the model 66, as illustrated in Pigs. 20 and 21, 
such that shrinkage stresses are more controllable and 
differential expansion problems during model cooling, 
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etc, will be minimized when t-h^ - 

sectioned ^ ia^„ or ^7y.\TZT 11 T'T'''' 
removal of the .„ppo« structur7« a■,^ ''"'""^ 
5 is Ml ted. 'fcture 68 after the imp s2 

Some model ' clean up may ba • ^ 

support sections, particularTy il^itr . '° 
"oael. Moreover, contour W^^ecta "e/""""' °' '"^ 
3,ft»are file looK-head to minillTl ' 
iO determine their location To /aolCtr 

..ction removal. offset. ' ' "J"""" 

deteimin«l by software look ahead. 

Only one outline or layer of i«o ^„ ■ 
form the contour mold, as iUus^ated"- " 
provided the surface of the desi«d " Vi "'' 
contiguous profile during Z-^u Jnl " ' 

outlines could be oroviH./, »^tiple 
c^.=l« the ne« iZT ^ ^^'^ that 
thicker l.yer:'::potrerto^t"y ^7 ^ 
1 Alternative vector snrrtel "^"^ "°**'' ' 

further detail below, 4 ru..rforT'' ""''""^ ^ 
building material J.r, , 'ispositins the HHP 

HMP. Jw'r cro.r.^"T^ °f 

j-ijtewise, cross hatch spray natt-T^* 

Where bulk fiu is required «d more Vaoi.T , 
desirable. P^** cooling is 

-uinT^inrorbithrtti^sU^^^^^ -^^ - 

to prevent -contour -^X.:::- Z ^lTlT' 
Por example, the Ui, may have a ^ .'^"°"«'"n. 
'O'C and the „ay hav^^lT ' ""'"^ °' " 
M.her. contour LZ.^TlZ' " "'^ " 

applying a first pass lig.t v. "r spraTrt'' 
contour outline to -build up Xocal the^l'mr' 
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Contonr Mo lding With U.V Curable Material 
Contour molding using a U.V. curable material is 
essentially the same as the method discussed above, 
except for a U.V. curable build material is used to form 
5 the desired 3-D object (as illustrated in Pig. 19), and 
if desired, to form the support structure (as 
illustrated in Figs. 20 and 21). By using a U.V. 
curable material, such as a U.V. curable plastic, 
superior engineering materials having superior hardness, 
10 higher melting points and better cutting characteristics 
are available. A build material that has the hardness 
and durability of the desired final product may also be 
used. This eliminates the time spent on forming a wax 
model first, that is then used to form a final prototype 
15 object of a material with the desired hardness or other 
desired property. 

If the support material is a sulfonamide, due to 
its higher tenperature and superior cutting 
characteristics, as compared to wax, each layer may be 
20 milled at high speed (2-4 inches/second) immediately 
after quick U.V curing of each completed layer. No wait 
time is required for cooling after deposition of 
material. The support material may alternatively be a 
water soluble wax, thus allowing removal of the support 
25 material with a citrus water solution. A catalytically 
cured or a thermosetting build material may be used 
instead of a U.V cured material. 

Using a U.V. cured, catalytically cured, or 
thermosetting material provides for a greater selection 
30 of engineering materials with varying degrees of 
hardness and strength than are available when depositing 
drops of molten material. A high speed '*Lee type" high 
frequency (-2,000 hz.) valve may be used in place of the 
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pl«o actuacd jet. This greaUy expand, th. r„o. , 
u»^le v.,co.ity and surface teTsion 
continuous ,uicJc fin of interior 

th. valv. is opened to deposit a ^r""^ " ^ 
S =pra. Of „ /^^'^ • nuous st««. or 

to advantage of using ov or c.f., ' • 
-"rials, for e«a^xe, PUstics is ^h^^"""^ 
can be clear or colored with transpa' , d 
Ming four jet heads for deoo=,> 
" Clear, red, -.enta and c'rVor 

Oesired color and .hade b" f o^;;""""'^ 

proper cont,ination of jet heads 
technology, many dif terentlv nr.i . 
be provided in a single trLl 
" rn this manner a transpartt 3^^:" 
wMch interior 3-0 forLtioL \TLT' 
ehSlne or of a biological or=>„- "^arior of an 

Observed from any desired ' ^ 

The pattern layers could, for exa^T,!. v. • 
20 to the Slices produced by a Cat Scan ' 

■ the Slices the same as tLse f ' ""^'"^ 

MRI, a transparent 3-D ren ' " ''^^^ - 

Scan or MRi sees can h "^^'^^^^"'^""^ what the Cat 

useful forZi::r:rtr':'''^'^^^^^ 

2S extrapolating th, data ^ twee"^^^^^^^^^^^^ By 

cat scan or MRI, thinner slices Z ^ 

model layer patterns th.n "'^"^ ^"^^^ ^he 

^ patterns than are produced by a Cat 

MRI' and the finished 3.n r»r,. ^ 
inproved. representation can be 

'° "iraittrt nn:i:r:.r - "^^^ 

cumed ana studied from ttTerir^TLr: ^ 

c' purposes, such as pre-operatil « ^ """'^ 

V e operative planning, models for 
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Study, etc. A transparent 3-D biological model of a 
brain tumor, for example, would greatly facilitate the 
removal of such a tumor from the brain without damaging 
critical areas of the brain. Fig. 22 diagrammatically 
5 illustrates a cross -sectional slice 80 of such a 
transparent 3-D model containing a cancerous tumor 82 
and surrounding arteries 84, bone 86 and nerves 88. 

In order to get clearer boundaries between 
different boundaries of the multiple patterns, it is 

10 preferable to make peripheral vector boundaries, as 
previously disclosed in relation to building exterior 
surface defining walls. To assist in getting crisper 
boundaries, it may be helpful to form the peripheral 
boundaries with material at an elevated teit^jerature . In 

15 this manner, as the material cools on contact with the 
model, the viscosity increases and holds the pattern 
until the U.V. or Catalytic cure. After the cure, the 
layers may be milled to the proper thickness as desired 
or necessary to control layer growth as previously 
20 described. 

Congtant Stream Model Building 

An apparatus and method for building a model by 
emitting an elongate bead forming a constant stream of 
a molten MC, rather than emitting bead producing drops 

25 on demand, is diagrammatically illustrated in Figs. 22- 
25. In this method the stream of molten MC emitted from 
the jet head is controlled to supply a substantially 
constant volume V of MC as a function of displacement of 
the jet head. In other words, the volume Q of MC 

30 emitted from the jet head is maintained at a constant 
proportion (Q/V) to the velocity V of the jet head. In 
this manner, an elongate continuous bead of MC with a 
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substantially constant cross section ^ 
the support surface or prevLsi'T '^^^^^'^^'^ 
■ A 3et hea. an. sZTZsITT' ''''' 
substantially continuous Jrer " '^"'"^ ^ 
S diag,an««,i,,,,y^ illustrated i„ pi, ^3 

Illustrated system, a heated suDDlv r 
supplying .olten MC, is provided'^u/r ' 
pressurize the reservoir to a s^!! ^""^ " 

pressure o. preferably 33.00/43^ rrs^^ps^ 
^ pressure in the supply reservoir so forLl " 
through the supply line 94 and out th T 
continuous stream of tnateriai l^,,^;: " ^ 

valve 96 is provided in or just ur>«T ''"""^-"'^^^^ical 
for controlling the rate of °' ""^^^ 

-ad to provide T :::L'\r.77 1' ^ 

displacement of the jet head °' '^^^ 

a con^nin^r Tc t ^""^^^^ 
emitted from the jet in 1 1 ' 

-Pa.ed to the PritL^^i; rsroseTe^l^r ^ 
emit discrete drops of mc Thus V '^-t 

«C may advantageously .e" sertrj;:\;TnV^r • " 

portions of models. Moreover wit^f 

the valve ss. the velocity aLd vol °' 

MC mav be controlled / ^ °^ the stream of 

the j. head:"rhiL^V3rtrt!iir """^-^-^ °^ 

Of MC is deposited per JTo)l^^"'' '^^^^^ 
'"anner. an elongate bead of tXTri' '"'^ 
constant cross section as di.V substantially 

surface defining walls of a Lei ta vectJr W 

at a faster build rate ^h»„ • " ""^^^^^ Plotting, 
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When depositing a constant stream of modeling 
material, the resulting elongate bead 100 of molten MC 
will have two freeze fronts at which the molten MC 
forming the bead cools and changes phase into a solid, 
5 as illustrated in Figs. 23 and 24. In particular, the 
elongate bead of MC has one freeze front 104 in the 
direction of motion and one freeze front 106 
perpendicular to the direction of motion. Therefore, it 
is preferable that a relatively narrow stream 102 of 
10 molten MC be emitted from the jet head. 

A relatively narrow stream provides for a more 
stable and therefore a more constant volume of MC. 
Thus, a narrow stream provides for a more stable and 
accurate placement of the stream when vector plotting. 
15 The velocity of the stream, however, is limited by the 
Weber number W of the molten MC. Therefore, the 
narrower the stream of MC, the longer the build time. 
The maximum stream velocity can be determined by the 
ratio W/0, where W is the MC's Weber number and 0 is the 
20 diameter of the stream emitted from the jet head. The 
weber number is preferably less than 80, i.e W s 80. 
Since the MC is forced under pressure from the jet head, 
the stream of MC expands as it exits the jet head. As 
a result the resulting stream has a outer diameter that 
25 is greater than the internal diameter of the orifice of 
the jet head. 

The system illustrated in Fig. 23 has a combined 
function jet head that can operate in both a drop on 
demand mode and a continuous stream mode. The combined 
30 function jet head 60 has a standard piezo-actuated drop 
on demand jet head 98 for operating the combined 
function jet head in the drop on demand mode, and an 
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electro-mechanical valve 96 fn^ « 

in Ch. continuous s«ea. ""^ ^" 

I" • preferred method, the let h.,H ■ 
" fine control drop on d^„H . " ""^""'^ i" 
5 surface defining J^iu ""^"^ 
, -rfece finish L Z\ot\LT' "'^"^ ^ ^"""^ 
disclosed above. in tl . ' °' '^^ « «■ " 
electro-„«chanical valve 9e^ °° ""e 
reservoir 90 and the air pump Tl'. ^^'^ 
0 atmosphere, so that atmospheriTcoll. '"''^ " 
"■"Wly reservoir 90 "nditions e,ist in the 

-PPlied to the jet head t TToh "' ^^ 

Interior portions of the „od l ^^'"'"^ '"ir- 
relatively quickly fiUad bj, operatinr^ 
the constant stream mode, in T. " """^ '° 

the electro-mechanical valve "He cT'T '"'^ 

reservoir 90 is sealed and preesurlteH "t""' '"^'^ 

" to the desired internal pressu« 

internal pressure is achieved th. ' ""i^^ 

u is opened under c;ntro frr""°""°=^=" 
from the jet head Th. emission of mc 

«C from L je^herd i7 « °f 

electro-mecha^ical 4l4 9T ^ ^'""^"^ 
"Xling, the electro-mechanical valT,/!?"':"": °' 
the supply reservoir 90 is aoaln ^ 
•tmosphere for operation of the Set hL™""" " 
-•"and mode. .n,eees steps are " """^ ™ 
-se^ent layer, until the::deris~ " • 

It can be appreciated the rate of ■ 
»ay alternatively he controlled b^ t^^""" °' 
pressure in the supply reservoir thu^ ell"""' 
need for an electro-mechanical vu^^ear r"""^' 
head. However • ^ °^ ^" the jet 

' " " P«'erable to maintain the 
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pressure in the supply reservoir constant and control 
the rate of emission of MC from the jet head with a 
electro-mechanical valve. Likewise, it is appreciated 
that two jet heads, a drop on demand jet head and a 
5 continuous stream jet head, may be employed in place of 
the previously disclosed combined jet head. 
Vector Sprav Model Building 

Rather than emitting a constant stream, the jet 
head may be configured to emit the MC in a spray. 
10 Vector spraying minimizes mechanical con5)lexity and 
reduces amoimt of material needed for support 
structures . '"Atomized" spraying of build material 
should reduce bulk shrinkage of model. When spraying, 
it is possible to make models at less than 100 percent 
15 density, due to temperature control as microsphere 
droplets coalesce thereby further reducing stress, which 
is good for investment castings. 

Spray application (atomizer) allows control of very 
thin layers, therefore the contour could remain the same 
20 for high resolution layers with minimal material waste. 
Multiple contour walls and multiple passes of sprays can 
be used to reduce stress and increase build speed in 
'^concept" models or extrusion sections. 

Airborne particulates may need to be filtered or 
25 electrostatically precipitated from the model forming 
chamber. If an air brash is used as the spray 
applicator, than a con5>ressor/ballast tank/ regulator 
system is required to control the amount of material 
that is sprayed from the jet head. 
30 Parallel Building of a Plurality of Models 

In order to simultaneously build a plurality of 
models in parallel, two or more sets of jet heads can be 
mounted on the Y-coordinate rails 5. Fig. 2€ 
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tnan two ,et head, ^ Z.^. '^ZTZ ^" 

" '>eaa. a ai.taLe fhlt r/Zlt' th""" ^" 
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the rail Sere" ea ^ ^of 1'" ted to 

craated corresponding!; ::::eaL ' ^ 

•.eads"6rpSrrab^7-^'' «^ « 

s. -«.sLe^rtt~r— :--- 
there be a riuraunVretTof il"""^"' » 
different lenoths h« / linkages 7o of 

to be ^.7T'J:^T7 °r ti""""' " 

" «t Of sets be used to buiiVa :i„"rY- ' 
t^at occupies the entire build s" Ac. 'i!, "^* ■ 
e Plurality of narrow ";"-«tively. 

»o=eis, that only occupy a 
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specific area of the build table, may be built with a 
plurality of sets of jet heads. 

The support table may be divided into areas in the 
X- coordinate direction as well as the Y- coordinate 
5 direction by mounting two or more sets of heads on two 
or more carriages BO and 82 mounted on the Y- coordinate 
rail 5. Carriages 80 and 82 are likewise interlinked by 
rigid linkages for parallel movement along the Y- 
coordinate rail 5. Fig. 27 illustrates an embodiment in 

10 which two carriages are mounted on the Y- coordinate 
rails 5 for parallel movement, each carriage contains 
two sets of jet heads. With this construction, the 
support table is divided into quadrants A through D for 
building 4 models simultaneously by moving all four sets 

15 of jets in parallel over the support table. It can be 
appreciated that, as in the above embodiment, two or 
more carriages may be mounted along the Y- coordinate 
rails and more than two sets of jets may be mounted on 
each carriage. An optional third carriage and a third 

20 set of jets on each carriage are illustrated in ghost 
Pig. 27. 

Any desired matrix, such as a two-by-two, three-by- 
two, three-by- three, as illustrated in ghost Fig. 27, 
etc., may be provided. If desired, the jet heads may be 

25 staggered from one row to the next, in order to 
efficiently use the available space on the build table. 
For exanple, a matrix in which the sets of jet heads in 
alternate, even numbered rows are staggered halfway 
between the sets of jet heads in alternate odd numbered 

30 rows. Rows of sets of jet heads numbering three-two- 
three, for example, may be employed, in which the two 
sets of jet heads in the middle row are staggered 
halfway between the outer rows. In this manner, it is 
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feasible to provide a much larger „«.h • 

simultaneously building a laroe nuT 

models in parallel. ^^"^ °^ identical 

The structure illustrated i„ pios 2« . 
S build a plurality of models in aJ ■ 

-uild time as it' ta.es Co bu^ld HlTr"'^ ^^^^ 
single set of jets Thus . ""'^^^ ""^^^ a 

models may be buii t in aL^ '^""'^ °^ ^^^^^"^ 

-es to buiad a s;;g\v:ri:rTe ^ ^^-^ - 

- large assembly 'uustra'ed ^ pTgf Ta ^ T " 

slxghtly Slows down the motion of the ' et hea. 
Slightly increases the build time J ^""^ 
in build time is ^re then of /- sV. Tth?'"' '"^^^^^^ 
parallel creation of « r,i , ''^^ ^^""i^taneous 

IS Plurality Of jet heads. ' °' ^^^^ ^ 

Since a plurality of carriaa«« 

time ««5 th. carriage. ™,st =„lv T "* "~ 

datarmined patten, a .m?, • P«- 

Plurality Of ,„aels .re to^'^^ll °' ' 

"eaa, t.e carriage need^^ tt = =^"'^Met 

determined pattern for each of ,k ! 
. ~ch.„ical wear i, reL^d ! '^^^ 
« d.t heads in parailer bv o- m """'"' ^ ^^"^"^ « 

in WMC .etf Of /A .e^r; HaTedTr" 
desired to form a h..- ^""^ removed as 

--a. - Tys:e:^r;;~7^^""--' 

manufacturing prototv^^J « ^ customized for 

- ---s Of p~."v.:wrT^^^ 

customized as needs change. More^^ver k"'' 

of jet heads that is larLr " ^ """^^^ of sets 

models may be provided " " "'"""^ """^^ °^ 

provided to accommodate for jet failure in 
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one of the jet heads. In this manner, even if one of 
sets of jet heads fails, there will still be a 
sufficient number of models produced by sets of jet 
heads that have not failed to fill an order. 
5. Conclusion 

It can be appreciated that the various methods of 
model building described above are not exclusionary of 
each other. The different methods may be combined or 
used together to produce the desired result. For 

10 exaxnple, a plurality of models may be built in parallel 
using via contour molding, using continuous stream or 
drop on demand wax building methods, with any of the 
disclosed lattice structures being used to form interior 
and/or support structures. Portions of the model may be 

15 formed by spraying, while other portions are formed by 
dropping beads of material on demand. The possible 
combinations, and modifications are too numerous to list 
herein . 
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We claim: 

.1- A method Of producing a 3-n « ^ , . 
a contiguous plurality of parallel i forming 
^ material comprising the steps of °' ""'^^^"^ 

-psofthe..,:n:t^^^^^^^^ 

locations to solidif/i^./J/Z/ f--- - desired 
portion of a said layer; ^^^^t a 

« the beaas, i„ „y „^ [ overlapping Pluraltei.a 

surface flefininj ..^ „j layer " 

" « ^eaas, a. le'a^'lht'p'rT"'" °' 

-rface defining „^i" "r"""' '^'"'^ 
previously deposited beads to 7 -^'^^ " ""'""P 
■»10 With previously deposited b " """" " 
vectors, thereby foLrsa" d " 

" -ini., . .eL^:"surt::trsr 

""p productionTV:. ''it""'" °' ^^""^ 
following formation of said 1. °' ^^P""""" 

forMtion Of a subsequent saifr " the 
2S ^ ^ leyer; and 

" repeating steps al ki 
required to coepl.te the „«dei ' ^' " 

ccn^rising'th'er.rofrr'"' " ^-"er 
-e last deposited'ayerTaTi; 
3° Plaue defined by the llvl„ T. '"^'"ess along a 
next layer of the ^el » «id 

• 3- The method accordino ^« , • 

co^rising the step of ^acS^fng each '' """"^ 

^ eacn deposited layer 
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along said plane before deposition of a said next layer 
of the model, thereby to form said desired outer surface 
defining wall with a desired surface finish. 

4. The method according to claim 3, wherein the 
5 step of machining comprises removing at least about 25% 

of the thicJcness of each layer. 

5. The method according to claim 2, wherein the 
step of machining comprises milling a coarse cut that 
removes a top of the last deposited layer siibstantially 

10 to the plane during a first pass and milling a fine 
climb cut that removes the remainder of the deposited 
layer down to the plane during a return pass . 

6. The method according to claim 5, wherein the 
step of milling a coarse cut comprises removing a layer 

15 of material sufficiently thick that a layer less than 
approximately 0.01 mm thick is removed during the fine 
climb cut. 

7. The method according to claim 2, further 
comprising the steps of: 

20 depositing a wall of support material 

contiguous with the outer surface of at least said 
desired outer surface defining wall after shrinkage of 
the deposited modeling material, but before machining, 
to support the outer surface defining wall during 

25 machining, thereby to substantially prevent delamina- 
tion/ fraying, and chipping of said desired outer 
surface defining wall during machining and form said 
desired outer surface defining wall with a desired 
surface finish; and 

30 stibseguently removing the support material. 

8. The method according to claim 1, further 
conprising the steps of: 
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when an inter-layer huii^ » , 
surface defining wall is less ' °' 

critical angle from vertical , ^ P'^^^^^^ined 
surface defining wall bv h« °"'=er 
5 conti^ous layers of Jds of"";"' " ^^^^^ 

produce said desired opter surf acT def"' '° 
filling interior spaces of th. ! "^'^ 
a Single layer of support " teriai .^'i 
are substantially twice as '^^at 
^0 drops Of :„odeling :„aterial, t.e/ebv t^d' 

retired to fill said interior ^t/s "''^^ ^^""^ 

Tbe method according to n^.- 
comprising the steps of at ^' 

-il. angle exceeds the'c::tLTant: f^l"^^^:"-^ 
depositino » « vertical: 

Jorrotion Of each lav-- defining wall during 

—ace ..«.i„, .tir;„ jr/iarn" 

10 The n,o^^, - formed. 

- critical ITgir i. T^'^' " ""'"i-. «.e 

vertical, «PPr=x.,nacaly 30 aegr.es fret 

The method according to 

comprising the step of depositing at t '""''^ 

"Olten n»deling mterial .L one cf a 

-"rial to PrLucl ratti« '"'^^ 

i) support cantilever " =»» of 
Portionsof the Jerdu^noT."" -"hanging 

a mi structure in int"rZ~':" T ~ 

'*e«thodaccordingTo!, 
«ep Of depositing .xlten 4teriel " 
"alls co^rises. Producing a"":^ '™" 
-ana -anted and ,oi„«,\irrrr™ 
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defining wall(s) to provide desired reinforcement of 
hollow models . 

13. The method according to claim 11, wherein the 
step of depositing molten material to produce lattice 

5 walls comprises producing a plurality of bi-directional 
walls oriented and joined with, the outer surface 
defining wall(s) to provide desired reinforcement of 
hollow models. 

14. The method according to claim 11, wherein the 
10 step of depositing molten material to produce lattice 

walls comprises producing an interconnecting inner wall 
structure, that is intimately connected to an outer wall 
structure formed during the formation of the same layer 
to provide desired reinforcement of hollow models. 
15 15. The method according 14, coiiqprising the steps 

of: 

a) forming the outer wall structure of the 

model; 

b) filling interior spaces in the model by 
20 forming the interconnecting inner wall structure, 

leaving a gap between the interconnecting wall structure 
and the outer wall structure; and 

c) after shrinkage of the interconnecting 
inner wall structure, closing the gap to join the 

25 interconnecting wall structure with the outer wall 
. structure. 

16. The method according to claim 15, wherein the. 
gap has a width approximately equal to one half of the 
width of the outer wall structure. 
30 17. The method according to claim 1, further 

comprising the step of depositing a plurality of 
differently colored and transparent build materials in 
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each layer to produce a transparent 3-0 mo. , • 
interior 3-D formations can be seel ' 
-18.. The method accorrfSnr, - , . 

15. The method according i-^ , . 
a Plurality of .if f erentl/coTore: and 
-naterials in each layer to f o^ ^^^nsparent build 
each layer accurately repres^^r^ ^'"^ "^^^ ''^i^h 
produced by a medical i^T ' =°^"«P°^<^ing slice 

■0 accurate at least Tarttfi? ^^"'"^ P^^"" an 
model. partially transparent biological 

20. The method accQrrtiT,« ^ 
step « i...r,.^..::;:Z re.tr sr ^ 

■ "Odea that .re thi^.^ than ,1 , *° 

in»ging machine, thereby to e^/ ^""""^ •^"^ 

the model . ^ resolution o£ 

co„pri"l„ ";,r"e: " -^^^ '-"-.er 

i-uila materials by vector „f ^"'"ntly colored 

-nation o. dist Jt z d':r""'^ 

colored build materials . "^^tween the differently 

22. The method accordino ^n ^i 
comprising the step of depositrfa ^H " '""^^^^ 
at least when forminrthr ' "^"''"^ 
layers, at an eleva^d tenl ""'"^^ ^^^^^-^ 

--iai cools upo:"c:nrarrh"h;"" r 

desired pattern until the layeTba^r " 

23. The method according to claim i , 
conprising the step of fiiii„/ • ^' ^^^^^er 

-cael With fill ^ Jrial by iepL::"T " 

Of fill material. ^^Positing a constant stream 
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24. The method according to claim 1, further 
comprising the step of simultaneously producing 
pluralities of bead producing drops of modeling 
material, to simultaneously build a corresponding 

5 plurality of substantially identical models. 

25. A method according to claim i, further 
comprising the step of controlling rate of production of 
the plurality of beads, at least when forming said 
desired outer surface defining wall of the model i in 

10 response to vector plotting speed, acceleration and 
direction to provide a constant vector bead pitch 
regardless of speed, acceleration, angle or curvature of 
said vector, thereby to provide said outer surface 
defining wall of modeling material with a s\JLbstantially 

15 constant width and with sides having a desired surface 
quality regardless of speed, acceleration, direction or 
curvature of said vector. 

26. The method according to claim X, comprises the 
steps of forming outer surface defining walKs) having 

20 a desired surface finish using vector plotting, only in 
portions of the model where said desired surface finish 
is required; and 

depositing molten modeling material using 
raster scanning to produce a lattice model structure to 

25 be deposited layer upon layer to quickly produce a near 
net shape model, leaving the lattice model structure 
exposed, except where closed off by said outer surface 
defining wall(s) . 

27. The method according to claim 26, further 
30 conprising the step of depositing support material to 

form a lattice support structure having an identical 
lattice as the lattice model structure, to support 
overhanging portions of the lattice model structure. 
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28. The method according to claim 2« . 
comprising the step of sealing ^>, ' ^""^er 

structure bv S iri^:''^ "^^^ lattice model 

-tin, . rr^' ^™'>^"« - 

5 model „ru«ure « one of seaT 

near net shape model. -^^cture, to produce a 



29. The method according to clain, 
comprising the step of using th! near ne. >, ' "''^"^ 
^0 form a near net shape mold Lr cas'ila? "^'^ '° 

article. casting a near net shape 

30. The method according to claim 3fl 
forming the near net casting as a nli^ . 

near net shape article. ^ 

31. A method of producino a ■» T^ ^ 

the steps of: oaucmg a 3-D model comprising 

a) supportinq the •> « 
production; ^"^ "O'^ei during 

20 continuous^Lell'rf'molt" rncl^"' 

With a previously depos'ed eC^^^^^^^^^^^^^^ "^^'^ 
vectors Of modeling material in^; ^d In f.'^"'^"^ 
required to produce a layer of tS^l ^ '^^^ectioas 
Plotting, at least when fo^ng a. T.IT. 
surface defining wall ^K desired outer 

outer 3u«.„ ae"t:;:An;^;Tr 

finish. ""^ * desired surface 

32. The method according to claim i u 
3-D model is a continuous mold L " 
surface defines a portion of the 

con5,rising the steps of °' -l^^' 

^uild matell to prl^ aT.""^ """^ ^^^^ ^ 

produce a layer of a molded model. 
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with at least a desired outer surface defining wall of 
the model, molded by said inner surface defining wall, 
haying a desired surface finish; 

g) adjusting the distance of the location of 
5 drop production to the location of drop deposition 

following formation of said layers in preparation for 
formation of a subsequent said layer; 

h) repeating steps a), b) , c) , d) , e) , f) 
and g) as required to complete the contour mold and the 

10 molded model; and 

i) removing the contour mold. 

33. A method according to claim 22, further 
conprising the step of machining each completed layer to 
remove any build material accidentally deposited on the 

15 contour mold to expose the contour mold before 
deposition of the next layer of the contour mold. 

34. The method according to claim 32, cottprising 
the steps of: 

depositing a relatively low melting point, 
20 LMP, modeling material to form the contour mold and a 
relatively high melting point, HMP, build material, as 
. compared to the LMP, to fill the contour mold; 

machining each layer after that layer has 
cooled; and 

25 removing the contour mold upon conpletion ' of 

the model by one of melting and dissolving the contour 
mold. 

35. The method according to claim 34, wherein the 
LMP has a melting point from about GO^ to about 70**C and 

30 the HMP has a melting point of at least about 80°C. 

36. The method according to claim 34, further 
cotiprising the step of depositing HMP to form a support 
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37. The method according to , 
conprising the step of ^^"her 

-Paxate sections V th^TC^t ''t " 
^acUitate removal of the sup^? .r"^^'"" ^^^^ 
completion of the model. structure upon 

38. The method according to Claim 7, 
the steps of: ^^"^ 33, comprising 
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30 



'^^Positing one of a n v 
catalytically curable anrt curable, 
» "U the Ltout -«ri.. 

causing each layer 
inachining; and ° solidify before 

.5 

removing the contour moirt k 

40. The method accordino to • 
the Plurality of differ!^, ^^Positing 

accurately represent nr.^ f-^uraaity layers that 

P-rtiall, transparent ticaogical " 

"oloslcal ■> Jormrng layers i„ the 

"* thanner than the slice. 
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produced by the imaging machine, thereby to enhance the 
resolution of the biological model. 

42. The method according to claim 37, further 
comprising the step of forming at least the outer 

5 boundary defining layers of the differently colored 
build materials by vector plotting, to facilitate 
formation of distinct boundaries between the differently 
colored build materials. 

43. The method according to claim 42, further 
10 comprising the step of depositing the build material, at 

least when forming the outer boundary defining layers, 
at an elevated temperature, such that the build material 
cool upon contact with the model to hold the desired 
pattern until solidification of each layer. 

15 44. A method according to claim 32, further 

comprising the step of controlling rate of production of 
the plurality of beads of modeling material, at least 
when forming said desired inner surface defining wall of 
the contour mold, in response to vector plotting speed, 

20 acceleration cmd direction to provide a constant vector 
bead pitch regardless of speed, acceleration, angle or 
curvature of said vector and thereby provide said 
desired portion of said inner surface defining wall of 
the contour mold with' a substeuitially constant width euid 

25 sides with a desired surface quality regardless of 
speed, acceleration, direction or curvature of said 
vector . 

45. The method according to claim 32, conrorising 
the steps of depositing the modeling material, at least 
30 when forming said inner surface defining wall of the 
contour mold by vector plotting and filling the contour 
mold with build material by raster scanning. 
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46. The method according to claim 3, 
the s,ep Of ,inins the contour mold wUh ^..iT"^'"''^' 
by depositing a constant stream ot , '^'"^^^ 

47 a T n ■ stream of build material 

■naterial one drop at a ti™ , """^ling 
previous,, deposi'ea^^aa^ " "i^" 

- '-""-rri^raZraT^T/^r: - 

X. y, Z axis coordinate « . " ^^s of an 

" ..e ra^-^r;^; " ^ 

While said Jet neans plots Lid 
-terialonsaidsu«acf^\:";j'«°" °' 

■«e«s, .hen desired, alono an . " J« 

'r»^ t-K a-Long ail three of the y v »r 

°' "« relative to said surface li^' ' 

^> control mean«5 < \ ^ 
plotting control of a„v«»nt o Z^'^ 
""ve the jet n»a„. si..uta„e<^3,t Ii„ T """" " 
«es Of the X, Y 2 „i, r ™ ^ " two 

controlling the U.i" f r:,":^' "^"r' 
-CPS Of ^Iten «deu„, - Producing 

cverlap previously deposited beads To Tj' " 
«1 CO ™id With previously deposited / ^ 
vectors of deling -terial deVi "dt tV'n'™*"" 
"y «»J .11 directions requ red to t / 

layer by vector Plctting.'^at lelst a d^'^ ^ 

s< least a desired outer 
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surface defining wall of the model with a desired 
surface quality. 

48- A model maker according to claim 47, wherein 
said jet means also comprises a continuous stream jet 
5 means, for ejecting an elongate bead producing 
continuous stream of molten modeling material to meld 
with previously deposited elongate beads, thereby to 
plot vectors of modeling material defining the layers, 
such that said jet means is a combined drop on demand 

10 and continuous stream jet means, for selectively 
emitting one of i) discrete bead producing drops and ii) 
an elongate bead producing continuous stream of molten 
modeling material, as desired. 

49. A 3-D model maker for producing a 3-D model by 

15 sequentially forming layer upon layer, by plotting 
vectors of modeling material, one layer at a time 
comprising: 

a) a support means defining a surface for 
supporting the 3-D model during production; 

20 b) a continuous stream jet means for 

ejecting an elongate bead producing continuous stream of 
molten modeling material to meld with previously 
deposited beads, thereby to plot vectors of modeling 
material defining the layers; 

25 c) mounting means mounting the jet means i) 

for simultaneous movement along at least two axes of an 
X, Y, 2 axis coordinate system relative to said surface 
to move the jet means along any desired vector direction 
while said jet means plots said vectors of modeling 

30 material on said surface and ii) for movement of the jet 
means, when desired, along all three of the X, Y, Z axes 
of the system, relative to said surface; and 
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control means i) tn-r- « 
Plotting control of «,ven»nt of 'k! """""^ 
-ve th. jet «ans si^^^Z:,^ HnnT""' "™ " 
"M Of the X, y z u,ic- I ^ two 

^ oontroiun, t.. Coirt^ r.":^ 

producing stream of nclten mo J, the heed 

-an. to generate ^otolToTZZT"''' ""^ ^« 
the heads, in an, and .rdi:::,!:""''' "^""^ 
produce, layer by laver h« °^^ections required to 

0 portion Of at lea'st ^ t^^te^rrLcl":","'' " ' 
the model with a substantia, , ''•'ining walls of 

thereby provide waTls " t^ . Z""'"'"" 

SO. * model ma^r ccr nT:: T'"' 
"id Jet means further includes a d " """" 
™"s jet means, for ejectino ^- " "^"^ 3« 
^-PS Of moU«, mod.ltr:i',eriT" 
overlap previously deposi/ed discre,. hT " 
, «tent and to meld with pre,^rs?v ' " ' 

l«ads, thereby to plot I.T '^'P°"ted discrete 

-.ining the layers'^suc:" ^ Hr^H"^ 
combined drop on demand and contin!o, » 
^cr selectively ejecting on. o T^T 
producing continuous stream and ii, d!/"'"' 

~„g'::eC:froC:ff".rtr v 

""h a Single layer of modeling^tJliAT 

"rst half ''If aT:'„tf ac^; » ' 

Of the t^ei Lr;rfi::tTaL°"" ™ 

-teri.1 o^' a s'etnVtff " 

outer and lattice wair/ftl'trrCal::: ^ . 
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pass, such that the molten modeling material flows down 
the sides of the walls and, due to capillary action, 
surface cohesion and surface tension, contact and meld 
with adjacent beads, closing off the top of the model 
5 with a single layer of modeling material . 

52. The method according to claim 51, further 
comprising the steps of: 

before closing off the top of the model with 
a single layer of modeling material, machining the last 
10 deposited layer along pleme defined by the layer; and 
after closing off the top of the model with a 
single layer 151 of modeling material, machining along 
a plane defined by the layer « 
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